[1] We take advantage of a relatively dense network of seismic stations in the Guerrero segment of the Mexican subduction zone to study seismicity and state of stress in the region. We combine our results with recent observations on the geometry of the subducted Cocos plate imaged from receiver function (RF) analysis, an ultraslow velocity layer mapped in the upper crust of the subducted slab, and episodic slow slip events (SSEs) and nonvolcanic tremors (NVTs) reported in the region to obtain a comprehensive view of the subduction process. Seismicity and focal mechanisms confirm subduction of the Cocos plate below Mexico at a shallow angle, reaching a depth of 25 km at a distance of 65 km from the trench. The plate begins to unbend at this distance and becomes horizontal at a distance of $120 km at a depth of 40 km. Some of the highlights of the inslab seismicity are as follows: (1) A cluster of earthquakes in the depth range of 25-45 km, immediately downdip from the strongly coupled part of the plate interface, revealing both downdip compressional and extensional events. This seismicity extends from $80 to 105 km from the trench and may be attributed to the unbending of the slab. (2) The slab devoid of seismicity in the distance range of $105-160 km. (3) Sparse inslab seismicity revealing downdip extension in the distance range of 160-240 km. The NVTs are also confined to this distance range. The episodic SSEs occur on the horizontal segment, in the distance range of $105-240 km, where an ultraslow velocity layer in the upper crust of the slab has been mapped from waveform modeling of converted SP phases. Thus, in the distance range of $105-160 km, SSEs occur but NVTs and inslab earthquakes are absent. This suggests that metamorphic dehydration reactions in the subducting oceanic crust and upper mantle begin at a distance of $160 km, giving rise to both the inslab earthquakes and NVTs. No inslab earthquake occurs beyond 240 km. The receiver function images and P wave tomography suggest that the slab begins a steep plunge at a distance of $310 km, reaching a depth of 500 km around 340 km from the trench. The negative buoyancy of such a slab should give rise to large extensional stress in the slab. Yet inslab seismicity is remarkably low, which may be explained by a slab that is not continuous up to a depth of 500 km, but is broken at a shallower depth. The resulting slab window may permit subslab material to flow through the gap. This may provide an explanation for the recent rift-related basalts found near Mexico City. The fore-arc, upper plate seismicity, which during the period of study (1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007) consisted of a moderate earthquake (M w 5.8) near the coast (H = 12 km), its numerous aftershocks, and two shallow events farther inland, demonstrates a trench-normal extension in the upper plate near this convergent margin, a state of stress that may be explained by tectonic erosion and/or seaward retreat of the trench. Seismicity, location of the mantle wedge, and rupture areas of Mexican earthquakes suggest that the downdip limit of rupture during large/great earthquakes in Guerrero may be 105 ± 15 km. Shallow-dipping, interplate thrust earthquakes are not the only type of events that affect the seismic hazard in the region. The magnitudes of inslab downdip compressional and extensional earthquakes that occur within $20 km inland from the coast, in the depth range of 25-45 km, may reach 6.5 and JOURNAL
Introduction
[2] An accurate knowledge of seismicity and state of stress in subduction zones is critical in developing models of slab subduction and realistic estimation of seismic hazard. This, however, requires a dense local seismic network. The only region along the Mexican subduction zone where such a study is possible is the Guerrero segment ( Figure 1 ). The recognition that the region is a mature seismic gap [Kelleher et al., 1973; Singh et al., 1981] led to the installation of the Guerrero Accelerographic Array in 1985 [Anderson et al., 1994] . The Michoacan earthquake of 1985 (M w 8.0), which ruptured the plate interface NW of the seismic gap and caused unprecedented damage to Mexico City, gave rise to heightened concern of a similar earthquake in the Guerrero seismic gap. As a result, the accelerographic network in the region was strengthened. A seismic network was also operated during 1987 -1993 to monitor the seismicity and to map the geometry of the subducted Cocos plate beneath the region.
[3] A seismicity study, based on the data from the local network, revealed that the oceanic Cocos plate dips at shallow angle to a depth of about 40 km [Suárez et al., 1990] . Because of the lack of microseismicity inland, the geometry of the subducted slab could not be traced beyond 20 km from the coast (80 km from the trench). The slab trajectory farther inland was inferred from hypocenter and focal mechanism of earthquakes of 6 June 1964 and 2 July 1968 below central Mexico, which had been studied previously using teleseismic data by González-Ruiz [1986] and Molnar and Sykes [1969] , respectively. The composite data suggested that the slab becomes subhorizontal beyond $80 km from the trench, reaching a depth of 50 km about 200 km inland [Suárez et al., 1990] . Since the inslab seismicity ceases completely farther inland, it was speculated that beyond 200 km, the slab plunges steeply, reaching a depth of 100 km below the active volcano of Popocatepetl. Singh and Pardo [1993] determined depths and focal mechanisms of small earthquakes in central Mexico from local seismic and accelerographic stations. These data, along with some previous ones, supported the geometry of the plate inferred by Suárez et al. [1990] . The seismicity in the overriding continental plate is low; a few events in the fore arc analyzed by Singh and Pardo [1993] suggested that it is in extension. They suggested that the extensional stress regime of upper plate could be a consequence of seaward retreat of the trench or tectonic erosion of the leading edge of the continent. Pardo and Suárez [1995] studied the geometry of the subducted Cocos plate below Mexico using accurately determined hypocenters based on local or teleseismic data (see inset in Figure 1 ). The seismicity and focal mechanisms reconfirmed the subhorizontal trajectory of the slab below Guerrero.
[4] While the studies mentioned above establish the basic geometry of the Wadati-Benioff zone below Guerrero, some details remain unresolved:
[5] 1. Suárez et al. [1990] identify two bands of seismicity near the coast. The seismicity of the coastal band is $35 km wide and occurs in the depth range of 10 -25 km. The second band is located farther inland, in the depth range of 32-42 km. Composite focal mechanisms reveal shallow thrust faulting and normal faulting for the events in the coastal and inland bands, respectively. The stress axes of the normal-faulting events suggest downdip tension. In the last 15 years, there have been several moderate/large inslab earthquakes in Mexico which were located near the coast, below or close to the downdip edge of the coupled plate interface. The focal mechanisms of some of these events exhibit downdip extension (e.g., Michoacan earthquake of 11 January 1997, M w 7.1 [Santoyo et al., 2005] ; Oaxaca earthquake of 30 September 1999, M w 7.4 [Singh et al., 2000b] ), while others indicate downdip compression (e.g., Atoyac earthquake of 13 April 2007, M w 5.9 [Singh et al., 2007] ). Is the occurrence of these earthquakes in agreement with the state of stress in Guerrero deduced from small earthquakes? Do both types of earthquakes occur in the slab just below or immediately downdip from the coupled interface?
[6] 2. If hypocenters of 100 km wide regions in Guerrero are projected on vertical planes along the direction of convergence, they exhibit continuous, albeit, low seismicity in the slab in the distance range of 80 -200 km from the trench. If accurately located hypocenters of a less wide region ($50 km) are considered, would they still show continuous seismicity? In other words, is there a subhorizontal segment of the slab that is devoid of seismicity?
[7] 3. The evidence of extensional stress regime in the overriding plate came from a few events that may not have been well located. Do focal mechanisms of recent, welllocated events support this state of stress?
[8] As the seismic hazard from the Guerrero seismic gap still persists, the accelerographic array has been upgraded and new permanent broadband seismic stations have been deployed in the region. In a collaborative project among Universidad Nacional Autónoma de México (UNAM), California Institute of Technology (Caltech), and University of California, Los Angeles (UCLA), a portable array of 100 broadband seismographs, spaced 5 km apart, was operated between Acapulco and Tampico during 2005 -2007 . This project is called the Middle America Seismic Experiment (MASE) [Clayton et al., 2007] . In the present study, we use the data from all of these networks to locate small to moderate earthquakes that occurred in the region during 1995 -2007 and determine their focal mechanisms from waveform inversion. The new data better characterize the state of stress in the subducted slab and the upper continental plate. We use this information, along with the image of the Cocos plate recently obtained from the analysis of RFs using the MASE data , the evidence showing presence of a thin ($3 -5 km) ultraslow velocity, high pore fluid pressure (HPFP) layer at the top of the subducted crust of the slab [Song et al., 2009] , the reported episodic slow slip events (SSEs) [Kostoglodov et al., 2003; Iglesias et al., 2004; Yoshioka et al., 2004; Larson et al., 2007; Correa-Mora et al., 2009] , and nonvolcanic tremors [Payero et al., 2008] , to understand the dynamics of subduction in the region. Additionally, our results identify different types of seismic sources that need to be taken into account in a realistic estimation of seismic hazard in Guerrero, Mexico.
New Seismic Data and Data Processing
[9] Between 1993 and 1995, most of the accelerographs in Guerrero ( Figure 2 ) were upgraded to 18-or 19-bit digitizers. This permits recordings of smaller-magnitude earthquakes with higher signal-to-noise ratio. In 1994 and 1995, four permanent broadband seismic stations (PLIG, CAIG, ZIIG, and PNIG) were installed in the region ( Figure 2 ). As shown in Figure 2 , the linear MASE array, which was in operation between 2005 and 2007, crosses the region along a profile parallel to the direction of plate convergence. Short-period stations, and other nondigital accelerographs and temporary stations used for P wave arrival time readings and locations are not shown in Figure 2 .
[10] We searched for velocity and acceleration records of all earthquakes located by the National Mexican Seismological Service (SSN) (http://www.ssn.unam.mx) in the Guerrero region between 1995 and 2007, and added them to the SSN database. Events were relocated by converting the seismograms to the SeiSan format [Havskov and Ottemöller, 1999] and, within the program, applying the Hypocenter algorithm of Lienert and Havskov [1995] with a crustal structure modified from Iglesias et al. [2001] . We use clear P wave arrival time readings from all stations and clear S wave arrival time readings only for stations located within 80 km distance from the epicenter. The 1-D crustal model for Guerrero gives large travel time errors for S waves at larger distances. Events were rejected if the hypocenter solutions had a root-mean-square (RMS) residual >1 s. We choose events located within the state of Guerrero and recorded by at least one digital station situated within a distance smaller than the earthquake depth. The last restriction was relaxed for moderate to large events listed in the global centroid moment tensor (CMT) catalog (http:// www.globalcmt.org) and located at the edges of the Guerrero state. These events have larger depth errors, but they are not used in the cross section. Given the station distribution (Figure 2 ), many events did not produce a nearby recording and, hence, were rejected. These filters left a total of 275 events between 15°N and 19°N and 98°W and 102°W for further analysis.
[11] Regional centroid moment tensor solutions were determined for moderate events recorded at broadband stations of the SSN with high signal-to-noise ratio at long periods (10-100 s), using the algorithm of Randall et al. [1995] , and processed according to Pacheco and Singh [1998] . Centroid depth for these events was estimated by finding the smallest least squares residual from the inversion of the moment tensor computed at discrete depths. Depth sensitivity is low, as surface waves are the dominant feature of the regional seismograms. The solutions were constrained to a double-couple source. Focal mechanism and seismic moment of well-located small events, recorded at short distances, were determined by inverting near-source displacement seismograms following the procedure described by Singh et al. [2000a] and Pacheco et al. [1999] , with constrains imposed by first-motion data. Here, depths were fixed to the hypocentral depths obtained from the location algorithm.
[12] Some small events had to be dropped because they had too small signal-to-noise ratio to yield a reliable focal mechanism. Our analysis is based on 132 earthquakes (Table 1) that remained after applying the criteria mentioned above. These earthquakes have hypocenter RMS residuals <0.5 s in the central part of Guerrero and <0.8 s at the edges. The location error varies over time and space. The formal horizontal and vertical location errors of earthquakes in Table 1 , without data from the MASE array, are $5 km for events along the coast and within the area of about 50 km wide at both sides of the strong motion attenuation line that goes from Acapulco to Mexico City. The MASE array lies along this attenuation line. These errors diminish considerably during MASE's operation. The errors are larger away from the attenuation line. Regional CMT solutions for these events have a weighted least squares error smaller than 0.5, and compensated linear vector dipole (CLVD) component of less than 70%.
[13] Henceforth, in this paper, we shall use epicenters and depths of the 132 earthquakes obtained from the location algorithm. Table 1 lists fault plane solutions determined in this study and those reported in the Global CMT catalog [Dziewonski and Woodhouse, 1983] . For completeness, the table gives the corresponding centroid depths. Global CMT solution is available for 40 out of the 132 earthquakes listed in the table and regional CMT solution is available for 38 out of these 40 events. We note that the Global and regional CMT solutions are very similar. The regional CMT inversion uses a point source approximation which starts to fail for events with M w > 5.7. This is reflected in magnitude saturation and phase shifts that result in a large CLVD component. For these events, and those that occurred before 1998 when the Mexican broadband network was sparse, we prefer the Global CMT solution if available. For southern central Mexico, the Global CMT catalog is complete for M w ! 5.3. Presumably, the recordings of smaller-magnitude earthquakes have poor signal-to-noise ratio at teleseismic distances. For this reason, we prefer the regional CMT solution for events since 1998 with M w < 5.3, unless the Global CMT better fits the first-motion data. In Table 1 , the preferred solution of these events is listed first. However, for events since 1998, with 5.3 M w 5.7, we have no preference between the Global and regional CMT solutions and the first solution listed in the table is random. In any case, the solutions are sufficiently similar so that the conclusions reached in this paper are independent of the choice.
Results
[14] To facilitate the classification of the earthquakes listed in Table 1 in different groups, we plotted epicenters of the events along with their focal mechanisms, and projected the hypocenters on vertical planes oriented in the direction perpendicular to the trench. Figures 5b and 5c show the projection of the hypocenters and focal mechanisms of the events enclosed in the boxes on planes AA 0 and BB 0 . Note that event 63, which is located outside the box, has also been projected on section AA 0 . This is the farthest event from the coast on this section. Although in further analysis and discussion, we will take this event as if it were located in the box, the true location of the event should be kept in mind.
Interplate and Inslab Earthquakes
[15] Four types of focal mechanism can be identified for this group of earthquakes (Figures 3 and 5): (1) shallow, low-angle thrust earthquakes (Figure 3a ), (2) earthquakes that exhibit downdip tension (Figure 3b ), (3) events that reveal downdip compression (Figure 3c ), and (4) events with unusual strike-slip or normal fault mechanism with strike oriented at an oblique angle to the trench.
[16] Shallow thrust events ( Figure 3a ) occur between the trench and the coast on the plate interface. Most of the shallow events studied here are located close to the coast as we mostly analyzed earthquakes with at least one nearsource recording. The events offshore are mostly moderate earthquakes reported in the Global CMT catalog. The depth sections ( Figure 5 ) suggest that the slab enters below the continent with a dip of about 15°. The depth of the shallow thrust events reaches $25 km near the coast (Table 1 and Figure 5 ). This type of event ceases to occur beyond $65 km from the trench ($5 km inland from the coast).
[17] Immediately below the plate interface, where the shallow thrust events end, a cluster of seismicity in the depth range of 25-45 km occurs. These events reveal both downdip compression and downdip extension. On sections Figure 3b , however, confirms the existence of downdip extensional earthquakes. The two types of events occur in close proximity of each other. Within the uncertainty of the locations, we do not know if the two types cluster in different depth ranges and, if so, which type occurs at shallower depth. This seismicity occurs over a small horizontal distance ($25 km) and ceases around 105 km from the trench ($45 km from the coast). Suárez et al. [1990] report a void between coastal seismicity (depth range of 10-25 km) and a second zone of inland seismicity (depth range of 32-42 km). Relocating events recorded by the same local network and during a longer time period, Dominguez et al. [2006] report a similar void in the seismicity. We do not find a clear evidence of the absence of seismicity, probably because Suárez et al.'s study was based on a local seismic network and had better resolution in location than the present work. If we consider $5 km error in our locations, then a gap of 7 km is likely to be blurred out. A speculative explanation for the void could be a deactivation of seismicity in the depth range of 25-32 km during 1986 -1988, the period covered in the study of from 1987 and , the period covered by the study of Dominguez et al. In view of the location error, however, this explanation, although possible, cannot be accepted.
[18] Farther inland, in the area of this study (rectangular boxes in Figure 5a , see also Figure 3b ), the subducted slab is devoid of seismicity for $55 km. Previous studies show continuous seismic activity in this segment. We suggest this to be a consequence of projecting hypocenters of a wide area on a vertical section. Figures 3b and 5 indicate that the seismicity may not be continuous if a smaller width of 50 km is considered. The oceanic plate subducts under North America with a steep angle below Jalisco-Michoacan and an angle that decreases gradually toward the southeast [Pardo and Suárez, 1995] . The apparent continuity in the seismicity is a consequence of flattening of the subducted plate from west to east.
[19] The seismicity in the slab resumes with the occurrence of normal-faulting earthquakes (with stress axes showing downdip tension) in the distance range of $160-240 km from the trench, at a depth of $45 -55 km (Figures 3b and 5) . The low seismicity in the horizontal segment, however, is remarkable.
[20] Focal mechanisms of some of the inslab earthquakes in Table 1 differ from those discussed above. They are shown in Figure 3d . These earthquakes exhibit a large strike-slip component or dip-slip mechanisms with a strike oblique to the trench. They may represent localized stress concentrations due to contortions in the subducted plate or reactivation of old transform faults. We find event 117 (H = 50 km; Table 1 ) of special interest. It occurred during the operation of MASE network. Since the event was located very close to the seismic array, its depth and location are very well constrained. This event is located farther inland than any other inslab earthquake (Figures 3b and 5) . The event has normal-faulting mechanism, striking N-S, almost perpendicular to the trench. This earthquake and event 63 (projected on sections AA 0 in Figure 5b , even though it is located outside the box) suggest that the seismicity in the slab extends up to 240 km from the trench ( Figure 5 ). We Sources are 1, focal mechanism, M w , and centroid/constraint depth from this study; 2, focal mechanism, M w , and centroid depth from the Global CMT catalog; 3, focal mechanism, M w , and depth from Pacheco and Singh [1998] ; and 4, focal mechanism, M w , and depth from Singh et al. [2007] .
emphasize that no inslab earthquake with reliable location has been recorded beyond this distance.
Earthquakes in Overriding Plate
[21] During the time period of this study, we recorded an upper crustal earthquake (M w 5.8; event 69, Table 1) in Coyuca de Benitez, a town close to the coast, about 20 km NW of Acapulco [Pacheco et al., 2002] . Thousands of aftershocks were reported during the following 5 years, most of these too small to be well located or studied in detail. Table 1 lists the events that were located and studied in this work, and Figures 4 and 5 show their locations. Most events are shallow, with depths above 12 km. In cross section, these events depict a normal fault dipping to the south-southwest (SW) (Figure 5 ). Of all the crustal events reported in this study, only one (event 127 on Table 1 ) does not belong to the Coyuca de Benitez sequence. The event 127 is located farther inland, which is very close to the MASE array, and has a mechanism similar to those obtained for the Coyuca sequence, i.e., a normal fault striking almost parallel to the coast. Pacheco and Singh [1995] had previously reported a deeper event, but still within the upper crust, in a nearby region with a similar focal mechanism. These events indicate that the upper crust in the fore-arc region is under trench-normal extension, supporting previous result by Singh and Pardo [1993] .
Discussion and Conclusions

Seismicity and Slab Geometry
[22] The dashed line in the sections AA 0 and BB 0 of Figure 5 illustrates our interpretation of the plate interface. It is based on seismicity and focal mechanisms. The plate interface follows the foci of the shallow thrust events up to $65 km from the trench ($5 km inland). Farther inland, the interface gently unbends so that the downdip compression and extension earthquakes (H $ 25 -45 km) fall below the interface. We interpret the colocation of these two types of events to be a consequence of unbending for the subducted slab and draw the interface to accommodate this interpretation. In Figure 5 , the interface farther inland is taken to be horizontal, with a depth of 40 km at a distance of $110 km from the trench, and remains so at least up to 240 km. This configuration of the interface is partly based on the sparse inslab seismicity and partly on the results from the MASE data discussed below.
[23] Pérez-Campos et al. [2008] mapped the slab geometry below Guerrero based on RF analysis of the MASE data. This geometry is sketched on sections AA 0 and BB 0 . As noted by Pérez-Campos et al., the slab underplates the continental crust and is almost horizontal beyond $150 km from the trench. The northern limit of the horizontal segment is not well resolved by the RF analysis. Complementing the RF analysis with P wave tomography, Pérez-Campos et al. [2008] and Husker and Davis [2009] suggest that the slab remains horizontal till $310 km from the trench, beyond which it plunges into the mantle at a steep angle, reaching a depth of 500 km at a distance of 340 km. The slab mantle in the horizontal segment is overlain by $10 km thick anomalously low-velocity oceanic crust. This layer, in turn, is overlain by a relatively low velocity $10 km thick layer that has been interpreted as remnant low-velocity mantle (LVM) wedge . Presumably, LVM wedge also has low viscosity and low strength. The LVM wedge begins at a distance of $125 km from the trench ( Figure 5 ) where it is located at a depth of $30 km. Song et al. [2009] studied regionally recorded converted SP phases and teleseismic underside reflections to determine the fine structure of the subducted oceanic crust below Guerrero. They report that the upper crust of the slab in the flat segment is an ultraslow velocity layer (USL), which has a shear wave velocity of 2.0-2.7 km/s and a thickness of 3 -5 km. Thus, both studies indicate low-velocity subducted upper crust in the fore arc. A low-velocity upper crust in the subducted slab has also been reported in the fore arc of SW Japan [Shelly et al., 2006] and Cascadia [Bostock et al., 2002; Audet et al., 2009] .
[24] Caution is warranted in relating earthquake hypocenters and focal mechanisms reported in this study to the The layer contained in between the black line, and the top blue line is interpreted as mantle wedge. The dashed blue line indicates the plate interface from this work, which is in accordance with the seismicity and, with some minor deviations, the RF image. (c) Projection of hypocenters and focal mechanisms along BB 0 . The slab geometry is the same as in Figure 5b ). In Figures 5b and 5c , focal mechanisms in blue, yellow, and red represent shallow dipping thrust, downdip compression, and downdip extensional earthquakes, respectively. features of the slab geometry inferred for RF analysis. This is so because earthquakes have location errors of about 5 km. Furthermore, they were located using a flat layer crustal model suitable for the Guerrero region from the coast to Mexico City , while the slab geometry has been mapped from RF analysis using the IASPEI Earth model as a reference. Thus, earthquake locations and RF-imaged earth structure may each be biased with respect to their true position. Modeling of regional waveforms of inslab earthquakes shows that these events occur 5 to 12 km below the USL [Song et al., 2009] . This places the inslab earthquakes in the lower crust or the uppermost oceanic mantle of the slab. Thus, in the absence of relative bias, we expect the inslab earthquakes to be located in the lower oceanic crust or in the uppermost mantle of the subducted slab mapped from RF analysis. This, indeed, is supported by Figures 5b and 5c . If no relative bias exists, then we would also expect the hypocenters of shallow thrust earthquakes to fall on the plate interface. The seaward extrapolation of the RF-imaged plate interface, however, does not pass through these events ( Figure 5 ). This may partly be due to location errors and partly due to poorly resolved RF-imaged structure near the coast owing to malfunctioning and poor quality of data from two critical coastal seismographs (X. Pérez-Campos, personal communication, 2009). The unbending of the RFimaged slab occurs at distance of $150 km from the trench, while inslab downdip compressional and tensional events are clustered in the distance range of 80-100 km. This large difference cannot be attributed to the error in the location of the earthquakes. Thus, if the RF-imaged slab structure is accurate in this segment, then unbending is difficult to invoke as an explanation for the change in the stress axes. Clearly, it is critical to resolve the incompatibility of the seismicity with the RF-imaged structure. This may require additional RFs near the coast, a reinterpretation of the existing ones, and an accurate three-dimensional crustal model to relocate the earthquakes.
High Pore Fluid Pressure, Upper Oceanic Crust, Slow Slip Events, Nonvolcanic Tremors, and Inslab Earthquakes
[25] Episodic SSEs and NVTs have been reported in Mexico below Guerrero [e.g., Kostoglodov et al., 2003; Iglesias et al., 2004; Larson et al., 2007; Payero et al., 2008] and Oaxaca [e.g., Brudzinski et al., 2007; CorreaMora et al., 2008 CorreaMora et al., , 2009 ]. These observations bear some similarity with those documented in subduction zones of SW Japan [Obara, 2002; Shelly et al., 2006] and Cascadia [Dragert et al., 2001; Rogers and Dragert, 2003] . In these warm subduction zones, the SSEs and NVTs occur on the transition zone, downdip from the strongly coupled plate interface. The shear wave velocity of the upper crust of the slab in the transition zone where the SSEs occur is very low, strongly suggesting the presence of an HPFP layer. HPFP reduces effective normal stress enabling the occurrence of SSEs. Precise locations of the NVTs in SW Japan [Shelly et al., 2006 [Shelly et al., , 2007 and Cascadia [La Rocca et al., 2009] show that they occur on the plate interface.
[26] The observations in Guerrero also reveal some important differences from those in the other two subduction zones. In SW Japan and Cascadia, SSEs and NVTs coincide spatially and temporally [e.g., Shelly et al., 2006 Shelly et al., , 2007 Rogers and Dragert, 2003; La Rocca et al., 2009] . In Guerrero, the SSEs occur in the distance range of $90-240 km from the trench. Although limited data in Guerrero does not permit precise location of the NVTs [Payero et al., 2008] , they seem to occur, contemporaneous to SSEs, but only in the distance range of $150 -240 km. In SW Japan and Cascadia, inslab earthquakes occur in the lower crust or upper mantle, below the interface where SSEs take place [Shelly et al., 2006; Abers et al., 2009] . In Guerrero, the sparse inslab seismicity is observed in the distance range of 160-240 km but it is absent in the 90-160 km range (Figures 3b and 5) , even though the SSEs occur in the entire distance range of 105-240 km. Since inslab earthquakes are linked to metamorphic dehydration reactions in the subducting oceanic crust and upper mantle [Kirby et al., 1996; Hacker et al., 2003] , their absence in the distance range of 90-160 km suggests that these reactions begin at greater distance, in agreement with the occurrence of the NVTs and thermal models of the region [Currie et al., 2002; Manea et al., 2004] . The continental crust up to 250 km is characterized by high resistivity [Jödicke et al., 2006] , which indicates lack of, or feeble, fluid extrusion in the horizontal segment of the slab. Beyond 240 km, the relative motion on the plate interface occurs in the form of continuous creep as witnessed by the absence of the episodic SSEs. Although fluid release must be occurring beyond 240 km, the slab may be too hot (T > 600°C [Manea et al., 2004] ) for brittle rupture.
Low Inslab Seismicity and the Plunging Slab
[27] As mentioned in section 4.1, the RF analysis, complemented with P wave tomography, suggests that the slab plunges into the mantle beyond $310 km at a steep angle and reaches a depth of 500 km at a horizontal distance of $340 km from the trench. The negative buoyancy of such a slab should give rise to extensional stress in the slab. Yet, the slab, stresswise, appears almost neutral as evidenced by only a few downdip tensional events (Figures 5b and 5c ). Perhaps the slab is not continuous up to a depth of 500 km but is broken at a shallower depth, thus reducing the extensional stress in the horizontal segment of the slab. If so, then the resulting slab window may permit subslab material to flow through the gap. This could provide an explanation for recent rift-related basalts which were found along with more abundant calc-alkaline rocks in Sierra Chichinautzin, a volcanic field near Mexico City about 360 km from the trench in section AA 0 of Figure 5b . An eastward propagating slab detachment below the TransMexican volcanic belt (TMVB) during Miocene has been proposed by Ferrari [2004] to explain mafic volcanism to the north of the Pliocene-Quartenary volcanic arc. Late Miocene to present rift-related basalts are found elsewhere in the TMVB [e.g., Verma, 2002 Verma, , 2004 Ferrari, 2004] . As the slab tomography along other profiles is not available, we do not know whether slab window is a viable explanation for the existence of these basalts elsewhere also.
Extensional Stress in the Overriding Plate
[28] Our study shows extensional stress in the overriding plate near the coast, as revealed by the Coyuca earthquake sequence. There is very low seismicity in the fore-arc region. The few earthquakes which have been recorded between the coast and the Mexican Volcanic Belt reveal that the upper plate is in tension. This is supported by geological studies, which report no compressional geologic features in the fore arc in the last 20 Ma [e.g., Nieto-Samaniego et al., 2006; Morán-Zenteno et al., 2007] . The extensional stress in the overriding plate of this convergent margin may be explained by tectonic erosion and/or seaward migration of the trench, as previously suggested by Singh and Pardo [1993] . Tectonic erosion characterizes the Middle American subduction zone [e.g., Clift and Vannucchi, 2004] , especially the Acapulco trench where geologic features are truncated [e.g., Ducea et al., 2004] . Tensional stresses on the upper plate close to the coast and above the transition between the brittle section and stable sliding or plastic creep along the plate interface might come about from gravitational collapse due to tectonic erosion. In this respect, the northern Chilean subduction zone presents characteristics similar to the one in Guerrero. Tectonic erosion and underplating is present in Chile [von Huene and Ranero, 2003; Clift and Hartley, 2007] and active normal faulting on the overriding plate is currently occurring [Delouis et al., 1998; González et al., 2003] . On the other hand, volcanism in the Mexican Volcanic Belt has migrated to the south at the rate of 9.4 km/Ma [Ferrari et al., 2001] . Seaward retreat of the Middle America trench and rollback of the steeply-dipping slab provide two possible mechanisms for the migration.
Width of Seismogenic Plate Interface in Guerrero
[29] A critical issue in the estimation of tsunami and seismic hazard in the Guerrero region is the updip and downdip limits of the plate interface that can rupture during large/great shallow thrust earthquakes in the region. Several previous studies report a very narrow width of the plate interface along the Middle American subduction zone in southern Mexico [e.g., Singh et al., 1985; Singh and Mortera, 1991; Pacheco et al., 1993; Tichelaar and Ruff, 1993; Suárez and Sánchez, 1996; Valdés-Gonzalez and Meyer, 1996; Valdés-Gonzá lez and Novelo-Casanova, 1998 ]. However, the rupture limits are still poorly known. As the seismographs and GPS stations are located on land, the updip limit is not well constrained. The shallow interplate seismicity in Guerrero ends about 65 km from the trench at 25 km depth (Figures 5b and 5c ). This would be the downdip limit of the rupture if the relative plate motion further downdip occurs as postseismic slip or during episodic SSEs. The downdip limit of small, shallow thrust events, however, may not coincide with the updip limit of the interface where relative motion occurs during SSEs. Precise knowledge of the spatial distribution of slip during SSEs is needed to resolve this issue. This, however, is not the case in Guerrero due to sparse GPS data. In particular, the updip extent of the slip during SSEs (hence, the downdip limit of rupture during large/great earthquakes) is not well constrained [Iglesias et al., 2004; Yoshioka et al., 2004; Correa-Mora et al., 2009] . Peacock and Hyndman [1999] suggest that the downdip limit of the rupture extends up to the point where the ocean crust intersects with the mantle wedge. As mentioned in section 4.1, Pérez-Campos et al. [2008] interpret the relatively low-velocity, 10 km thick layer above the ocean crust as mantle wedge ( Figure 5 ). This suggests that the downdip limit in Guerrero would be located $125 km from the trench at a depth of $30 km. This estimate differs considerably from the one based on shallow thrust seismicity.
[30] Tide records of the Guerrero doublet of 11 May (M w 7.1) and 19 May 1962 (M w 7.0) at Acapulco have been used to estimate the rupture dimension of these events [Ortiz et al., 2000] . The tide gauge was located in or near the epicentral region of the earthquakes. The events caused a coastal uplift of 15 ± 3 cm and 11 ± 3 cm, respectively, indicating that part of the slip areas were located onshore. Let X TU and X TD be the horizontal distance from the trench to updip and downdip extent of a rupture area, respectively. The modeling of the tide records of the two earthquakes yields X TU = 60 km and X TD = 90 km [Ortiz et al., 2000] .
[31] Rupture areas of large/great earthquakes along other segments of the Mexican subduction zone, estimated from aftershocks, and spatial distribution of coseismic slip obtained from inversion of GPS data and/or waveforms, may also provide information on what might be expected in Guerrero. Figure 1 outlines rupture areas of recent Mexican earthquakes and Table 2 lists their X TU and X TD values. Figure 6 shows a plot of X TU and X TD as a function of M w . The estimates of rupture areas are subject to uncertainty. In particular, aftershock area grows with time [see, e.g., Tajima and Kanamori, 1985] . For many of the earthquakes listed in Table 2 , the aftershock area is the only information available. However, for three earthquakes, the estimates are available from at least two data sets. In these cases, X TU and X TD from different data sets are roughly the same, especially X TD . Furthermore, Correa-Mora et al. [2008] report that SSEs in Oaxaca are occurring immediately downdip from the aftershock area of the 1978 earthquake (M w 7.8), entirely relieving the accumulated strain energy. The aftershock area of the 1978 earthquake itself is presently completely locked. This gives us some confidence that the estimated X TD values in Table 2 (and to a lesser degree X TU ) are reasonably reliable. From Figure 6 , we find that 80 X TD 120 km, with one exception. Thus, different estimates of the upper limit of X TD during large/great earthquakes in Guerrero are possible: X TD = 65 km from shallow seismicity; X TD = 90 km from the 1962 earthquakes; X TD = 120 km from rupture areas of adjacent segments; and X TD = 125 km from the possible location of the mantle wedge. Perhaps X TD = 105 ± 15 km adequately reflects our current knowledge of downdip limit of the rupture in Guerrero. An updip limit of X TU of 5 km in Guerrero would provide a conservative estimation of tsunami hazard in the region.
Seismic Hazard in Guerrero From Sources Other Than Interplate Earthquakes
[32] Apart from interplate, shallow thrust earthquakes, Guerrero also faces seismic hazard from the two types of inslab events below the coast: the downdip compression type and the downdip extension type. The downdip extensional events may reach M w of about 7.5. Recent examples of this type of earthquake along the Mexican subduction zone are: 30 January 1997 Michoacan earthquake (M w 7.1) and 30 September 1999 Oaxaca earthquake (M w 7.4). The compressional type of earthquake could reach a magnitude M w of 6.5. Examples of such events are: 3 February 1998 earthquake of Oaxaca (M w 6.3), 9 August 2000 earthquake of Michoacan (M w 6.5) and 13 April 2007 earthquake of Atoyac, Guerrero (M w 5.9; event 129, Table 1 ). We note that inslab earthquakes in Mexico are more energetic at higher frequency than interplate events and, hence, follow a separate ground motion attenuation relation [García et al., 2004 [García et al., , 2005 . Finally, the normal-faulting, shallow crustal earthquakes, such as that of Coyuca, need to be considered in seismic hazard estimation. Unfortunately, the recurrence period of these and the inslab earthquakes is not known. Table 2 ).
